Objectives: The objectives of the study are to evaluate longitudinal changes in lung size and intrapulmonary-artery (IPa) Doppler in fetuses with congenital diaphragmatic hernia (CDH) and assess their contribution in predicting neonatal survival.
| INTRODUCTION
Congenital diaphragmatic hernia (CDH) is associated with lung hypoplasia resulting from the compressive mechanical effect of the herniated abdominal viscera and with pulmonary hypertension secondary to profound changes in pulmonary vasculature 1 in the form of a decreased number of arterial branches and increased muscular wall thickness in intrapulmonary vessels. 2, 3 Consequently, CDH
neonates are associated with a high risk of mortality, neonatal morbidity, [4] [5] [6] and long-term sequelae. 7, 8 At diagnosis, the clinical gold standard to classify degree of lung hypoplasia is evaluation of pulmonary size in the lung contralateral to the side of the hernia, measured as the lung-to-head circumference ratio (LHR) and adjusted by gestational age as the observedto-expected mean value (O/E-LHR). 9 In addition, Doppler evaluation of fetal lung circulation has been suggested to be a surrogate of intrapulmonary-artery resistance, [10] [11] [12] [13] [14] allowing stratification of CDH cases with high risk to develop severe neonatal pulmonary hypertension, 15, 16 neonatal morbidity, 17 and mortality. 18 Preliminary evidence has demonstrated that CDH fetuses show a different lung growth rate during pregnancy in comparison with healthy fetuses and that such lung growth pattern could be of clinical benefit in refining the postnatal prognosis. 19 Similarly, longitudinal changes in intrapulmonary blood
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flow of CDH fetuses have been partially investigated by threedimensional power Doppler ultrasonography. 15 However, contrary to two-dimensional spectral Doppler indices, the 3D pulmonary vascularization indices are more difficult to implement for clinical practice, and therefore, they cannot be used for parental counseling.
In the present study, we evaluated the temporal evolution of 
| Ultrasound examination and Doppler measurements
All ultrasound examinations were performed every 4 weeks from diagnosis to delivery by one of two experienced examiners (R.C.M or M.M.
R) using either a Voluson E8 or Voluson E10 (GE Medical Systems, Zipf, Austria) ultrasound machine equipped with a 6-to 2-MHz linear curved-array transducer. The lung contralateral to the side of the hernia was evaluated in a cross-sectional view of the fetal thorax at the level of the four-chamber view of the fetal heart. The LHR was estimated using the two perpendicular longest diameters of the lung as previously described by Metkus et al. 20 The expected LHR value was calculated using normal reference ranges, according to gestational age, as −3.4802 + (0.3995*GA) -(0.0048*GA 2 ). 21 The observed LHR was compared with the expected value to calculate the O/E-LHR, and this was expressed as a percentage.
The proximal branch of the intrapulmonary artery (IPa) in the lung contralateral to the side of the hernia was identified using the color 
| Neonatal management
All deliveries and neonatal management were attended by staff obstetricians, maternal fetal medicine specialists, neonatologists, and pediatric surgeons, unaware of the fetal lung-size measurements.
Neonatal management was performed according to the same protocol. What is already known about this topic?
• Isolated left congenital diaphragmatic hernia (CDH) is associated with high perinatal mortality secondary to lung hypoplasia and pulmonary hypertension. At diagnosis, the clinical gold standard to classify the degree of lung hypoplasia and to predict the risk of neonatal death is evaluation of pulmonary size in the lung contralateral to the side of the hernia, measured as the lung-to-head circumference ratio.
What does this study add?
• it is not available in our center. Neonatal surgery for CDH repair was only performed after respiratory and hemodynamic stabilization. Neonatal death was defined as death within the first 28 days after birth.
| Statistical analysis
The date of birth was used as the primary time end point for describ- higher than that at diagnosis (42.0% vs 18.8%, P < 0.001, and 49.3% vs 29.0%, P < 0.001, respectively). Similarly, the proportion of cases with AREDF in the IPa was significantly higher at last examination before delivery than at diagnosis (20.3% vs 8.7%, P = 0.008). Table 1 shows maternal and neonatal characteristics of the study population. Survivors had significantly bigger lung size, lower frequency of liver herniation, lower IPa-PI, and higher gestational age at birth than those that died. Similarly, the proportion of abnormal IPa Doppler parameters at diagnosis and at last examination before delivery was significantly higher in nonsurvivors than survivors ( Figure 5 ). Logistic regression analysis showed that O/E-LHR, liver position, and intrapulmonary-artery Doppler indices were significantly those results could be biased by the influence of gestational age across pregnancy. 9 In our study, both lung-size values and the intrapulmonary Doppler indices were corrected to avoid influence of gestational age in our longitudinal analysis. Thus, our data showed that CDH fetuses managed expectantly presented a reduced lung dimension and that, on average, remained constant during fetal monitoring.
The same authors also evaluated changes of pulmonary blood circulation in CDH fetuses. 15 In such study, pulmonary blood perfusion remained stable throughout pregnancy; in contrast, our study showed a progressive deterioration of the intrapulmonary Doppler indices during pregnancy. Such discrepancies between both studies might be partly explained by the use of different Doppler techniques; we used spectral Doppler indices, whereas Ruano et al used three-dimensional power Doppler vascularization indices, 15 which represent estimates that are subject to potential bias due to a lack of correction for attenuation and depth. Abbreviations: O/E-LHR, observed/expected lung-to-head ratio; PEDF, positive end-diastolic blood flow; PEDRF, peak early diastolic reversed flow; PI, pulsatility index; REDF, reversed end-diastolic blood flow.
FIGURE 6
Clinical algorithm for prediction of survival in fetuses with congenital diaphragmatic hernia (CDH) using the decision-tree analysis. O/E-LHR, observed/expected lung-to-head ratio data showed a progressive deterioration in intrapulmonary impedance as gestation progresses, becoming abnormal at 30 weeks of gestation. 28 However, preliminary evidence also suggests that early intervention has been associated with potential adverse effects such as tracheomegaly 29 or hydrops, 30 and therefore, further studies are required to clarify the best gestational age to perform FETO.
As a pathophysiological explanation of our findings, it could be argued that mechanical lung compression caused by the herniated abdominal organs is mostly constant throughout pregnancy, because the compressed lungs, fetal thorax, and herniated abdominal viscera (stomach, spleen, liver, and bowel) may show a similar growth pattern during the second half of pregnancy. On the contrary, it could be speculated that such lung compression avoids the gradual decrease in intrapulmonary resistance that is usually observed in normal fetuses during the third trimester of pregnancy, 12 with subsequent increased intrapulmonary-artery impedance. Previous animal models have previously reported increased thickness in the muscular layer of the intrapulmonary-artery vessels walls in fetuses with CDH. 3 However, the degree of such vascular abnormalities may have an individual variability. It has been reported that lung blood perfusion is decreased in CDH fetuses but that such parameter has a weak correlation with the degree of lung hypoplasia, supporting the notion that some lungs with similar sizes have differences in the size and thickness of the intrapulmonary vessels 31, 32 ; and therefore, it is expected that some CDH cases with stable lung size during pregnancy show increased intrapulmonary-artery impedance.
Strengths of this study are the prospective design, the inclusion of a well-defined cohort of isolated left-sided CDH cases managed expectantly during pregnancy, that selection of the best predictive parameters for neonatal survival, and their best cutoff values were automatically selected by using the decision-tree analysis. As a potential limitation of this study, it could be acknowledged that intrapulmonary Doppler insonation is technically difficult and it requires not only training to achieve competence but also very strict guidelines for acquisition and measurement. However, we recently demonstrated that even in inexperienced hands, intrapulmonary-artery Doppler in CDH yielded reliability after a substantial number of examinations 33 and it can be performed in virtually all cases with a low degree of disagreement between experienced examiners. 12, 34 In conclusion, fetuses with CDH showed on average a constant lung dimension but with gradual increases in mean intrapulmonary-artery Doppler indices during the second half of pregnancy. Our study supports the notion that CDH fetuses show progressive deterioration in intrapulmonary blood circulation as pregnancy progresses and that such Doppler abnormalities are associated with a higher risk of neonatal death.
